One contribution of 18 to a discussion meeting issue 'The Rhynie cherts: our earliest terrestrial ecosystem revisited'. The Rhynie cherts Unit is a 407 million-year old geological site in Scotland that preserves the most ancient known land plant ecosystem, including associated animals, fungi, algae and bacteria. The quality of preservation is astonishing, and the initial description of several plants 100 years ago had a huge impact on botany. Subsequent discoveries provided unparalleled insights into early life on land. These include the earliest records of plant life cycles and fungal symbioses, the nature of soil microorganisms and the diversity of arthropods. Today the Rhynie chert (here including the Rhynie and Windyfield cherts) takes on new relevance, especially in relation to advances in the fields of developmental genetics and Earth systems science. New methods and analytical techniques also contribute to a better understanding of the environment and its organisms. Key discoveries are reviewed, focusing on the geology of the site, the organisms and the palaeoenvironments. The plants and their symbionts are of particular relevance to understanding the early evolution of the plant life cycle and the origins of fundamental organs and tissue systems. The Rhynie chert provides remarkable insights into the structure and interactions of early terrestrial communities, and it has a significant role to play in developing our understanding of their broader impact on Earth systems.
Introduction
This issue is based on a Discussion Meeting held at the Royal Society in March 2017 to celebrate the centenary of the first of five major publications on a 407-million year old terrestrial ecosystem that was exceptionally preserved by silica in cherts originating as sinter around ancient hot springs [1] [2] [3] [4] [5] . Its aims were to integrate old and new information on the biota, including plants, animals, bacteria and fungi, in order to explore how these early mainly terrestrial organisms interacted with each other and the environment and, in the case of the plants, to integrate recent advances in developmental genetics to inform on the early evolution of tissues and organ systems.
Geology of the Rhynie locality
The cherts occur as lenses in a succession of shales and sandstones (Dryden Flags Formation) located in the Rhynie Basin, near the eponymous village, some 50 km northeast of Aberdeen [6] . Palaeogeographically they were located in an inland intermontane basin on the Devonian Old Red Sandstone Continent, which at that time was situated about 288 south of the equator. The age of the deposit was uncertain but originally considered no younger than the Middle Old Red Sandstone (¼Middle Devonian). Subsequent analyses of spore assemblages in the intervening shales showed that they were older, belonging to the Lower Devonian (middle Pragian to lower Emsian stages) [7, 8] . More recently, radiometric measurements produced similar ages. 40 Ar/ 39 Ar from vein-hosted hydrothermal K-feldspar and hydrothermally altered andesite gave 407.6 + 2.2 Ma [9] , whereas 206 Pb/ 238 U zircon from the Milton of Noth Andesite gave 411.5 + 1.3 Ma [10] . Differences in methodology, potential sources of error and underpinning geological assumptions account for these differences. For example, the Milton of Noth Andesite sits stratigraphically below the Rhynie chert, and the link between its emplacement and the hydrothermal activity that formed the cherts is not proven [9] . The radiometric date might, therefore, reflect the inception of volcanic activity preceding deposition of the cherts. We favour the age of 407.6 + 2.2 Ma, which is more consistent with the chronostratic interval given by the spore assemblage biozone [8] [1] [2] [3] [4] [5] , the first in 1917, and these had considerable impact on the wider botanical community. Indeed Scott [14] added a final chapter to the first volume of the third edition of his Studies in Fossil Botany to accommodate them. Prior to these discoveries, the most extensive records of early tracheophytes came from Lower Devonian sediments (Emsian Stage) in Canada and centred on the Psilophyton complex, which encompassed curious leafless plants with smooth or spiny axes bearing distinctive terminal clusters of fusiform sporangia [15] . These were preserved as thin films of carbon with little or no internal anatomy and certainly no spores. Appreciating similarities in gross anatomy and differences in their simplicity from other groups of vascular cryptograms, Kidston & Lang erected the 'class' Psilophytales, for plants with terminal sporangia with 'no relationship to leaves or leaf-like organs' [1] . While commenting on similarities with living Psilotum in the Psilotales, which also lacks leaves and roots, they stated there was no 'direct line of descent'-a conclusion that presaged contemporary views that the morphology of Psilotum is highly reduced and that it is related to ferns [16 -18] . The first three papers contain beautifully illustrated accounts of four plants with primitive vascular systems viz. Rhynia gwynne-vaughanii, Rhynia major (now Aglaophyton majus) [19] (figure 1), Hornea lignieri (now Horneophyton lignieri) and Asteroxylon mackiei (figure 2). After investigating the upright stems, horizontal rhizomes with rhizoids and elongate terminal sporangia of R. gwynne-vaughanii, Kidston and Lang commented that their descriptions were 'almost as well as if we were dealing with an existing species'. Such is the preservation of anatomy in the chert plants [20] , which also enables us to infer how key tissue systems might have functioned (e.g. of stomata [21] and vascular tissues [22] ). Discussion in Kidston and Lang's papers included considerations on the affinities of the plants, and it also touched on their wider relevance to such issues as the alternation of generations [23] and the evolution of shoots, roots and leaves, which are issues that have resonance today following resurrection of interest in lower plants stimulated by the development of the moss model organism, Physcomitrella patens, [24, 25] and widespread genome sequencing of key taxa including the liverwort Marchantia polymorpha [26] and lycophyte Selaginella moellendorffii [27] . These are beginning to shed light on the evolution of body plans including roots [28] and shoots [29] and stem cells [30] , thus providing greater understanding of the innovations involved in the evolution of tracheophytes as they colonized the land. Such insights cannot be extended to the early history of bryophytes. Arguably the greatest enigma of the Rhynie chert ecosystem is the complete absence of these basal embryophytes that today include the liverworts, hornworts and mosses.
In their final paper, Kidston & Lang [5] described six species of fungi based mainly on spores/cysts and hyphae. They concluded that most of these were saprophytes, but they did not exclude the possibility that some were mycorrhizal. The presence of mycorrhizal fungi is now confirmed, and there are many reports describing symbioses in the chert [31] . Kidston and Lang also described eubacteria, cyanobacteria, a characean alga and the enigmatic genus, Prototaxites [32] . They mentioned animals (crustaceans) only in passing, although arthropods had been recognized by Mackie in 1913 [12] . The first description of the trigonotarbids (extinct arachnids) [33] was soon followed by the first mite and arguably the first insect, the spring-tail Rhyniella [34] . Aquatic arthropods such as the crustacean Lepidocaris were also described [35] . More recent findings on both aquatic and terrestrial arthropods, including the earliest nematode [36] , are evaluated here [37, 38] .
The Lyon era
A renaissance in palaeobotanical activity followed the purchase of the Rhynie chert site by Dr Alexander Geoffrey Lyon, a native of Aberdeen and an academic at Cardiff University. Hundreds of match boxes containing chips of chert are still housed in the School of Earth and Ocean Sciences. These are testament to his modus operandi of sifting through semi-transparent flakes for fragments of plants and animals. He employed a local monumental mason to cut large slabs of chert until the firm appreciated that the costs of damage to their saw blades greatly exceeded Dr Lyon's payments. This resulted in his purchasing a machine for cutting thin sections. These were supplemented by numerous cellulose acetate peels, which also allow the cellular detail of structures to be imaged on a microscope. Many are now housed at rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 373: 20160489
Aberdeen University as part of the Lyon Bequest. His major contribution was undoubtedly the discovery of the sporangia of Asteroxylon mackiei [39] , which confirmed its affinity with lycopods. Originally, Kidston & Lang [3] cautiously proposed that leafless, bifurcating axes with terminal sporangia found associated with A. mackiei were its reproductive organs (figure 2). These were later shown by Lyon to be a separate species that he named Nothia aphylla, which is now one of the most extensively studied plants in the chert being known from its anatomy, growth form and autecology [40] . Lyon's most notable contribution to the fauna was his discovery of book-lungs in the trigonotarbid arachnid, Palaeocharinus, which confirmed the terrestrial habitat of this animal [41] .
In 1964, Lyon opened two trenches to introduce the locality to members of an excursion associated with the International Botanical Congress in Edinburgh and to provide 'souvenirs' from the site [13] . His generosity was somewhat overshadowed by the overnight theft of large quantities of chert just prior to the excursion. The perpetrators were never caught. Further evidence for his generosity came from his gifts of chert to interested parties, most particularly to Professor Winfried Remy at Mü nster (see below), and readily allowing access to the fields, subject to agreements with local farmers and the safety of both people and livestock! In Wales, of the three research students (Akhlaq Ahmed Bhutta, Wagih El-S. El-Saadawy and David Edwards) who worked on the chert, Edwards' work is of particular significance as it drew attention to the fact that the xylem cells of Rhynia major lacked wall thickenings, something that had already been noted by Kidston and Lang. This is a key difference from modern tracheophytes and its sister species Rhynia gwynne-vaughanii. He therefore transferred it to a new genus Aglaophyton. The Greek roots of the name mean beauty, and it also incorporates Geoffrey Lyon's initials [42] . His further investigation of R. gwynne-vaughanii revealed the complexity of its growth habit, including abscission of sporangia [43] .
Recent research from the University of Münster and Aberdeen University
Lyon himself continued his work on the chert following his retirement to the Old Manse in Rhynie. In 1992, he gifted the site to Scottish Natural Heritage, the national conservation organization, with the proviso that it remained under agricultural use and that they would continue to support scientific research [13] . By the late seventies, Professor Winfried Remy and his family had accumulated a large quantity of material that was studied at Mü nster and produced the most sensational discoveries since those in the original papers by Kidston and Lang. These included tracheophyte gametophytes with well-preserved gametangia and even preservation of the liberation of antherozoids [44, 45] . This research is now led by Professor Hans Kerp [20] . Their approach has been simple, time consuming, but very effective: literally thousands of thin translucent sections of rock were produced by systematic sectioning of the chert by team member Hagen Hass. These sections could then be imaged using transmitted light microscopy. Thick sections [51] . It had long been postulated by Pirozynski and Malloch that associations of fungi and algae were essential to the colonization of the land [52] and here in the chert was the first direct evidence in the form of mycorrhizae-like associations in the tracheophytes involving Glomeromycota [47] and, more recently, Mucoromycota [53] . Further support for this hypothesis is provided by recent progress in identifying symbiotic fungi in extant hepatic thalli, a group closely related to the earliest embryophytes [54] . While much is now written about the ability of the earliest land plants to draw down CO 2 from the atmosphere via chemical rock weathering, resulting in climate change on a global scale [55] [56] [57] [58] , it is now increasingly apparent that fungal/plant associations had the potential for even greater impact [59] . Certain cherts are a surface-expression of heavy metal hydrothermal systems and as such are associated with goldmining. Analyses of those in the Rhynie area showed that they were no exception, being enriched in arsenic, anatomy and gold, but fortunately for palaeontological research, drilling by an exploration company in the vicinity of the Rhynie chert locality found insufficient quantities for commercial exploitation [60] . Subsequent drilling by the Aberdeen University Geology Department in 1988 produced the first core through the chert-bearing sequence itself and studies of this and subsequent cores have led to a burgeoning of geological and palaeontological activity. These cores allowed the description of plant succession series through 35 m of core containing more than 50 thin chert horizons [61, 62] , and they also led to the discovery of new animals. The latter inter alia included a further arachnid, the harvestman, Eophalangium sheari [63] , which, in contrast with the book-lungs of trigonotarbids, possessed tracheal tubes, a myriapod (Eoarthropleura) [64] and new crustacean (Castrocollis wilsonae) [65] . These new explorations were led by Professor Nigel Trewin at Aberdeen University, who was responsible not only for inspiring renewed interest in the chert in the UK but also for the discovery of a second fossiliferous 'outcrop' at nearby Windyfield farm-the Windyfield chert [13] . This has yielded a second zosterophyll (Ventarura) [66] ; the first, Trichopherophyton, was described by Lyon and Edwards [67] , as well as a number of new arthropods [64] . These included the hexapod Leverhulmia, possibly the earliest known apterous insect [68], a centipede (scuterigomorph Crussolum sp.) [69] , a trigonotarbid Palaeocharinus tuberculatus [70] , a new univalve crustacean Ebullitiocaris oviformis [71] and encrustacean Nauplius larvae [72] . Together, the Rhynie and Winderfield cherts contain the most diverse assemblage of freshwater and terrestrial animals of their age in the world and a record number of earliest occurrences, including mites, harvestmen, insects, springtails and nematodes. Dr Lyon died in 1999 and subsequent research at Aberdeen was partly funded by The Lyon Bequest to Aberdeen University. He also left most of his extensive collection of peels and slides to the university. Thanks to such beneficence, five PhD students have graduated, while Trewin and co-workers have visited New Zealand and Yellowstone National Park, USA, to examine processes and deposits in active equivalents of hot springs and to study taphonomic aspects of the biota [73, 74] . The latter has been complemented by observations and experimental approaches in Cardiff by Channing [75] , who has been tracing the nature of hot springs biota through time [76, 77] . Studies of the cores at Aberdeen have allowed insights into the nature of the complete chert-bearing sequence including the sedimentary rocks between the chert beds that contain abundant dispersed spores [78] . Detailed analysis of the biota from numerous chert bands informs on plant habitats, succession and substrates [61] , which can then be compared with modern hot spring systems. Kidston & Lang [5] had named the aggregations of organic matter as peats in their final paper, although they recognized that they differed from the definition of extant peats in that there was little evidence of homogenization. They are thus better recognized as accumulation of decaying plants over a limited time interval due to the fluctuating nature of the hot spring system, with little mineral/sediment input and little bioturbation (no earthworms, but collembolans have a potentially similar role) that provided substrates for further plant colonization.
Future directions
This historical review of research on the Rhynie chert set the scene for the Discussion Meeting that brought together palaeontologists, neobiologists and physical scientists with the aim of exploring the possibilities of more integrated approaches. A round-table discussion at the end of the meeting identified five areas that hold particular future promise.
1. Rapid advances in the fields of developmental genetics and functional biology are shedding light on the evolution of plant form and function. The molecular mechanisms regulating development of roots, shoots, vascular system, stomates, apical meristems and leaves are revealing surprisingly deep seated similarity for core organs and tissues across plants. Fossils from the Rhynie chert provide additional extinct phenotypes with which to test some of the new ideas of how development is regulated in plants. Also, theories of plant development arising from the study of model organisms need to be consistent with these distinctive early fossils. Furthermore, plant developmental genetics raises specific questions about the nature of core systems such as roots, meristems and life cycles that could in part be addressed through further study of plants preserved in this fossil system. 2. Organism associations are now known to be highly diverse in the Rhynie chert and include several forms of mycorrhizal-like symbiosis. and the vegetation may be specialized to the environment of sinter surfaces. However, spores dispersed in associated sediments indicate that some elements of the Rhynie chert flora could have been more cosmopolitan and, therefore, not restricted to sinter system soils. The extent to which the plants preserved in the chert represent a specialized flora needs further evaluation in the context of the chemistry of soil substrate and water. Also present in the environment were organisms that have no real analogues in the modern world. The most striking of these was the giant fungus Prototaxites, shown here for the first time to be an ascomycete [32] . 4. Methods of imaging the Rhynie chert fossils still rely mainly on white light microscopy. Confocal laser scanning microscopy is now being successfully employed on the microorganism component [79] . Developments in processing optical software and image stacks in particular to create better-focused images and three-dimensional representations are beginning to enable a new level of exploration of these exquisitely preserved fossil microorganisms and arthropods. Combing advances in imaging technology with new geochemical methods promises highly targeted analyses of the organic remains of cells and their constituent elements [80] . Also, computer animation helps to bring extinct arthropods to life. 5. The impact of the evolution of plants and their symbiotic fungi on the broader Earth system including atmospheric greenhouse gas composition and climate is an area of great interest. Even communities dominated by bryophytes and lichens today are known to play significant roles in net primary productivity and nitrogen fixation. Further basic investigation is needed of the effects of lichens, liverworts, hornworts and herbaceous lycopods on rock weathering. Because of differences in atmospheric composition in the Palaeozoic Era, the influence of carbon dioxide fertilization on these early symbiotic associations needs evaluation. 
